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Diversity and regulation of amiloride-sensitive Na channels. Amilo-
ride-sensitive Na channels play a vital role in many important physiolog-
ical processes such as delineation of the final urine composition, sensory
transduction, and whole-body Na homeostasis. These channels display a
wide range of biophysical properties, and are regulated by cAMP-
mediated second messenger systems. The first of these channels has
recently been cloned. This cloned amiloride-sensitive Na channel is
termined ENaC (Epithelial Na Channel) and, in heterologous cellular
expression systems, displays a single channel conductance of 4 to 7 pS, a
high PNa/PK (> 10), a high amiloride sensitivity (Kau = 150 nM), and
relatively long open and closed times. ENaC may form the core conduc-
tion element of many of these functionally diverse forms of Na channel.
The kinetic and regulatory differences between these channels may be
due, in large measure, to unique polypeptides that associate with the core
element, forming a functional channel unit.
Non-voltage dependent Na channels subserve a variety of
functions in different cells, tissues, and organs. In many cases,
these channels are inhibited by the potassium-sparing diuretic
amiloride and many of its congeners [1]. In the distal regions of
the nephron, these Na channels modulate to a fine degree the
final composition of the urine and, hence, are essential for
whole-body Na homeostasis. Indeed, dysregulation of these ion
channels can result in serious disease, such as hypertension [2].
Moreover, these channels are regulated acutely by the cAMP-
dependent anti-diuretic hormones vasopressin and oxytocin, G-
proteins, by intracellular ions such as Nat, H, and Ca2, and
chronically by mineralocorticoid hormones like aldosterone [3—5].
In this article, we summarize several important regulatory
features of this ubiquitous class of ion channel. We first compare
and contrast the different types of amiloride-sensitive cation
channels that have been studied electrophysiologically and bio-
chemically, including the recently cloned ENaC (Epithelial Na +
Channel). The question of the regulation of these channels by
cAMP-second messenger systems is addressed, and we conclude
with a brief synopsis of the role of Na channels in Liddle's
disease, a specific form of genetic hypertension [2]. Throughout
this paper, we examine the hypothesis that ENaC forms the
central conducting element of all classes of amiloride-sensitive
Na channels, and that the observed kinetic and regulatory
differences observed among these channels are due to regional
and tissue-specific factors that associate with the core conduction
portion of the channel complex.
© 1996 by the International Society of Nephrology
Diversity of amiloride-sensitive Na channels
There is not a unique electrophysiological, biochemical, or
biophysical definition of an amiloride-sensitive Na channel.
These channels have been classified according to their conduc-
tance [6], their apparent affinity to amiloride [7], or whether or not
they are epithelial in origin [5]. Moreover, amiloride-sensitive
Na channels possess a highly variable Na-to-K permselectiv-
ity. These classification systems are by nature somewhat contrived,
and in the long run will probably not be useful. In fact, renal
amiloride-sensitive Na channels have been shown to display
vastly different characteristics depending upon whether the chan-
nel was phosphorylated or whether its associated G-protein was
activated or inhibited [8, 9]. The fact remains that there exists a
variety of amiloride-sensitive Na channels with different bio-
physical properties, different amiloride analog pharmacologies,
and different tissue distribution. Table 1 presents some of these
findings as they appear in the literature [3—5]. This diversity of
characteristics is not surprising, given that amiloride-sensitive
Na channels appear early in evolution [10]. Thus, we contend
that the most distinguishing and useful criterion for differentiating
amiloride-sensitive Na channels is their mode of regulation.
How all these channels are related to one another on a biochem-
ical and molecular level is, at present, obscure. Evidence is
beginning to accumulate that many channel properties are depen-
dent on post-translational modifications and/or environmental
factors, and even that amiloride-sensitivity can be influenced by
different combinations of isoform subunits [11]. Alternatively,
these biophysically distinct channels may be ultimately derived
from different gene families. It is important to recall that a given
class of specific ion channel type can display widely varying
biophysical characteristics [12]. For example, inwardly rectitying
K channels have single channel conductances ranging from 3 to
45 pS, and glutamate-receptor cation channels show conductances
of 2 to more than 100 p5. For these latter channels, different
though homologous cDNAs have been cloned [13], suggesting
that different structural isoforms of the same class of channel
exist. For other channels, mutations in the coding region of the
DNA, biochemically produced post-translational modifications,
or toxin treatment can dramatically alter single channel conduc-
tance and/or ion selectivity [14, 15]. Further, membrane lipid
composition can dramatically influence channel open time [16].
An analysis of immunopurified amiloride-sensitive Na chan-
nel protein complexes from bovine kidney, adult alveolar type II
(ATII) cells, and rat and human lymphocytes reveal some inter-
esting differences. We found that the channel complex purified
from bovine renal papillary collecting tubules consisted of six
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Table 1. Single channel properties of some amiloride-sensitive cation
channels
Channel source YsrS PNa:Pk K°'1, rM
Frog taste cells 1—2 1—100:1 0.3
A6 cells 3 20:1 0.1"
Porcine thyroid cells 3 1.2:1 0.15
Rabbit cortical collecting tubule 3—5;8-—10 >19:1;4:1 <0.75"
Rat fetal distal lung cells 4 >10:1 0.1—0.5"
Ambystoma renal collecting ducts 4 — <0.5"
Toad urinary bladder cells 5 >20 0.1"
a, 3, y-rENaC 5 >10:1 0.1
Rat cortical collecting tubule 5 >10:1 0.1—0.5"
A6cells 8 3—4:1 0.1
Guinea pig fetal type II cells 11 1.8:1 >4"
Rat late proximal tubules 12 >19:1 —
Human sweat ducts 15 3:1 0.1"
Adult rabbit lung ATII cells 20 5:1 1—10
Human tracheal epithelial 20 — —
Rat brain endothelia 23 1.5:1 10
Rat inner medullary collecting duct 27 1:1 0.5
Toad urinary bladder 160 2:1 0.98
a The complete amiloride dose-response curve was not determined
major polypeptides of molecular masses (in kDa) of 300, 150, 90,
70, 55, and 40. This same complex of proteins has been isolated
from A6 cells, and this same polypeptide pattern has been
duplicated in the laboratories of Tom Kleyman, also in A6 cells
[17] and Bonnie Blazer-Yost [18] in toad urinary bladder using
independent methods. Essentially the same complex of proteins
was immunopurified from rat and human lymphocytes with the
notable absence of the 300 kDa polypeptide [19]. Na channel
protein complexes from mammalian alveolar type II cells show a
radically different pattern: there are only 135 and 70 kDa peptides
associated with this channel complex [201. All of the complexes
from these different sources can reconstitute functional and
regulated amiloride-sensitive, Na -selective channels in planar
bilayers. Interestingly, antibodies raised against the a-subunit of
the rat colonic ENaC (or the bovine renal isoform of a-ENaC)
specifically react with the 90 and 70 kDa polypeptides of the
purified bovine renal Na channel complex. Likewise, the same
two polypetides and the identical reconstituted Na channel
activity are seen when anti a-ENaC antibodies are used to
immunopurify Na channels from alveolar type II cells. These
observations suggest that ENaC indeed may be a component of
many different amiloride-sensitive Na channels.
Regulation of amiloride-sensitive Na channels
As indicated above, our laboratory has successfully purified to
homogeneity and functionally reconstituted into planar lipid
bilayers amiloride-sensitive Na channels. These Na channels
were purified from bovine renal papillary collecting tubules,
Figure 1 shows a typical trace of these renal bovine channels in
planar lipid bilayers under asymmetric [Na] conditions, and after
addition of 0.5 JaM amiloride to one side of the bilayer. As can be
seen from the Figure 1, there was a significant increase in
"flickering" of the channel, with the single channel open proba-
bility (P0) being reduced by approximately 50% in this particular
experiment. Increasing concentrations of amiloride caused further
inhibition of the current. The apparent equilibrium dissociation
constant (K1amI) for this channel in bilayers is approximately 0.5
JaM. Other characteristics of this channel can be summarized as
follows. The maximal single channel conductance averages 40 pS;
however, close perusal of the records indicates that there are
subconductance states of approximately 13 pS present. The
channel has a Na/K permselectivity ratio of 7:1. The single
channel current/voltage (I/V) relationships are linear in the range
100 mV. Amiloride inhibits only from one side of the bilayer
(the presumptive outward facing side), and the activity of this
channel can be modulated by several biochemical reactions
including phosphorylation by protein kinase A [8, 21—23], protein
kinase C [221, carboxyl methylation reactions [24], and by G-
proteins [8, 9, 25].
The original hypothesis that epithelial Na channels could be
regulated by phosphorylation came from the well known obser-
vation in intact epithelia that anti-diuretic hormone (ADH;
vasopressin) increased net Na reabsorption across these epithe-
ha through a cAMP-dependent process. The possibilities for the
molecular mechanisms underlying regulation of ion channels are
numerous, but in the case of epithelial Na channels they can be
broadly classified into two, not necessarily mutually exclusive,
categories: direct covalent modification of the channel protein
leading to changes in the biophysical properties of individual
channels, and/or changes in the number of functional channels
that are expressed in the plasma membrane. This second mecha-
nism can result by the activation or inhibition of resident channels
or by the incorporation or retrieval of channels into or out of the
membrane. Evidence for both of these mechanisms exist for
cAMP-dependent regulation of epithelial Na channels. Work
from our laboratory has directly demonstrated that the renal Na
channel complex can act as a substrate for cAMP-dependent
protein kinase phosphorylation both in vivo and in vitro [8, 21, 22].
We have found that PKA specifically phosphorylates one associ-
ated polypeptide of this heteroligomeric Na channel complex.
Moreover, the ability to reconstitute this purified protein complex
into planar lipid bilayer membranes permitted us to evaluate the
functional consequences of phosphorylation on single channel
activity. Addition of the catalytic subunit of PKA plus ATP to one
side of planar bilayer containing renal Na channels increased
channel P0 but left single channel conductance unaffected. Sim-
ilar observations have been reported for amiloride-sensitive Na
channels in renal A6 cells in inside-out and cell attached mem-
brane patch clamp experiments [23].
Of relevance to the discussion of epithelial Na channel
function by covalent modification is a consideration of GTP
binding protein involvement. Ausiello et a! [25] demonstrated that
the GTP binding protein, specifically Ga3, associates with renal
amiloride-sensitive Na channels and directly participates in its
regulation. Cantiello et al [26] provide strong evidence that this
G-protein regulatory pathway operates through phospholipase
and lipoxygenase-generated phospholipid metabolites. In our
laboratory, we have found that non-phosphorylated channels were
mostly closed. The unitary single channel current was 2 pA; each
channel had an average open dwell time of 5 to 10 ms under
control conditions. Exposure to PKA and ATP shifted the chan-
nels to a more open configuration with a longer open dwell time.
Following PKA phosphorylation, the open channel probability
increased from 0.01—0.02 to 0.05 at +40 mV, and to 0.69 at —40
mV. It is apparent that this shift was due to an increase in channel
open time with no change in unitary conductance. This same
activation of Na channel activity has been reported in human
lymphocytes [9]. Marunaka and Eaton [27] found that vasopressin
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Fig. 1. Effect of amiloride on single Na channel activity in planar lipid bilayers. Immunopurified bovine renal papillary Na channel protein was
incorporated into a bilayer, and the membrane was voltage-clamped to —80 mV. The presumptive 'outside' solution contained 100 mM NaCI, 10 mM
MOPS, pH 7.4, while the 'cytoplasmic' solutions were identical except that the NaCI was reduced to 10 mr'i (NMDG-Cl replacement). At 2 .LM amiloride,
the channel was completely blocked. The effects of amiloride were also reversible (not shown). (Used with permission from [35].)
pretreatment of A6 cells produced no significant effect on the
ohmic nature of current flow through open Na channels, similar
to what was observed in our experiments. However, they argue
that the increase in Na transport is due to an increase in the
number of active Na channels and not P0. These observations
provide definitive evidence for the direct modulation of channel
properties by PKA-mediated phosphorylation. Thus, the in-
creased rates of Na transport following increases in cAMP are
likely to be mediated, at least in part, by the direct covalent
modification of Na channel protein with phosphate groups.
Moreover, this PKA induced phosphorylation results in an inward
rectification of the channels' gating. This would result in more
Na ions entering the cells at negative physiological membrane
potential, the situation that is observed in intact epithelia follow-
ing elevation of intracellular cAMP levels. Pertussis toxin (PTX)-
induced ribosylation increased single channel P0 from 0.01 to 0.02
in control, that is, in non-phosphorylated channels, to 0.26. These
observations are in agreement with those reported by O'Hara,
0
B
ms 250
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Matsunaga and Eaton [28], who showed that in cell attached
patches of A6 cells, PTX increased mean open time and P0 of
Na channels. However, if the Na channels were first phosphor-
ylated with PKA and ATP, PTX decreased the channel activity by
decreasing channel mean open time (and thus P0). It is important
to note that the effects of all of these covalent modifications were
evident only from one side of the bilayer, the side opposite to that
which amiloride blocks. Addition of these reagents to the opposite
side (that is, the external surface) was without effect. Interestingly,
PKA + ATP treatment after PTX resulted in no change in
channel activity. PTX treatment after PKA-induced phosphoryla-
tion converted the channel back into a non-rectifying state, Thus,
it is clear that phosphorylation by PKA caused the renal Na
channel to become inwardly rectified and that ADP ribosylation
does not. Interestingly, PKA mediated phosphorylation subse-
quent to PTX treatment does not convert the channel to an
inwardly rectified state. Other kinetic characteristics of the chan-
nel with the blocked inhibitory G-protein (by PTX treatment) are
virtually the same, whether the channel was or was not pre- or
post-phosphorylated. These results are consistent with the hy-
pothesis that PTX affects the epithelial Na channels differently
depending upon their initial state of phosphorylation. Thus, the
physiological regulation of these renal Na channels is complex.
We performed experiments examining the question of whether
the effects of PKA-mediated phosphorylation on single Na
channel activity were additive to that induced by carboxyl meth-
ylation. Carboxyl methylation has been proposed to be the
biochemical reaction mediating the short-term activation of Na
channel by aldosterone [3, 4, 7]. The presumptive cytoplasmic
channel face (cis) was first treated with carboxymethyltransferase
plus 50 M AdoMet in the absence of GTP-yS (Note: transmeth-
ylation of the renal Na channel complex is a GTP-dependent
reaction. The level of channel activation can thus be controlled by
adjusting the GTP concentration of the reaction mixtures.) As
before, single channel P0 was not statistically different from
untreated channels and was independent of applied potential.
However, subsequent addition of the catalytic subunit of protein
kinase A plus ATP to the "cytoplasmic" side of the channel
increased P0 from 0.25 to greater than 0.5 in the case of channels
previously activated by carboxyl methylation. Interestingly, PKA-
mediated phosphorylation of carboxyl methylated channels in-
duced a voltage dependence to channel gating; single channel P0
was significantly greater at negative (that is, physiological) volt-
ages, even if the channels' P0 previously was near 1. Mean
current-voltage (I-V) curves indicate that PKA-mediated phos-
phorylation induced an inwardly rectified I-V curve, even if the
channels were first completely activated by carboxyl methylation.
These results demonstrate that amiloride-sensitive Na chan-
nels have multiple regulatory inputs. Moreover, the terminal
position of a cAMP-dependent regulatory pathway, namely, PKA-
mediated phosphorylation, is a crucial regulatory element for
amiloride-sensitive Na channels. The biophysical effects on
function of PTX-induced ADP ribosylation of this channel's
associated G protein depends upon the previous phosphorylation
state of the protein. These results also underscore the utility of the
planar lipid bilayer system to study in a functional way the
biochemical regulatory pathways of these physiologically relevant
Na channels.
Liddle's disease: A genetic form of hypertension
Hypertension is a polygenic, multifactorial disorder that results
in an increased risk of cardiovascular disease. Liddle's disease
represents a specific hypertensive disease that expresses itself in
the population as an autosomal dominant trait. Recent studies
have demonstrated that there is a highly significant linkage of the
gene encoding the /3-subunit of ENaC to Liddle's disease [29].
The most prevalent defect lies in a premature stop codon that
truncates the last 75 amino acids in the cytoplasmic carboxyter-
minal of the encoded protein. Co-expression of a, truncated /3,
and y-ENaC into Xenopus oocytes produced a resulting amilo-
ride-sensitive macroscopic Na current that was 3 to 4 times
greater than if the normal /3-subunit was used [30]. As originally
shown by Warnock and Bubien [2], electrophysiological examina-
tions of Na channels recorded from lymphocytes obtained from
Liddle's kindred show constituitive Na channel activation. The
fact that renal transplantation of the Liddle's proband or amilo-
ride or triamterene therapy of Liddle's patients effectively re-
solved the hypertension [31] strongly suggests that the Na
channel in lymphocytes reflects accurately the state of renal Na
channels. Moreover, the mutation at Arg564 in /3-hENaC in
Liddle's disease has been confirmed in lymphocytes at the mRNA
level [32]. The observation that the mutations resulting in Liddle's
disease reside in one subunit of a cloned amiloride-sensitive Na
channel unequivocally establishes the primacy of this channel in
the pathogenesis of this form of hypertension. Further, these
observations also support the idea that ENaC comprises an
integral part of the immunopurified lymphocyte Na channel.
Because of our success in immunopurification and reconstitu-
tion of functional amiloride-sensitive Na channels from rat
lymphocytes [191, we have performed experiments in which we
have reconstituted into planar lipid bilayers Na channels purified
from human lymphocytes. The source of these cells was Epstein-
Barr virus transformed lymphocytes obtained from either unaf-
fected or affected members of Liddle's kindred. The results of
these experiments are shown in Figure 2. The left half of Figure 2
shows normal human lymphocyte Na channels reconstituted into
planar bilayers. The P> of these normal channels under these
conditions averaged 0.14, with a conductance of 35 pS. Upon
application of protein kinase A plus ATP to one side of the bilayer
(that is, the side opposite from which amiloride was effective) the
P0 increased to 0.45. Although not shown in Figure 2, PKA-
mediated phosphorylation also induced an inward rectification to
channel gating, that is, channel P0 was significantly greater in the
inward (that is, negative) rather than outward (positive) direction.
Similar observations have been made in native rat or human
lymphocyte whole-cell currents after elevation of intracellular
cAMP. More interestingly, the Na channel protein immunopu-
rifled from the Liddle's disease lymphocytes showed a constitui-
tive activation, that is, a P0 of 0.97. Clearly, the addition of
protein kinase A plus ATP resulted in no further change in P0.
Thus, functional amiloride-sensitive Na channels from human
lymphocytes can be reconstituted into planar lipid bilayers. More-
over, the phenotypic expression of the constituitive activation of
these Na channels in lymphocytes from Liddle's affected indi-
viduals is preserved in the bilayer, indicating that the activated
phenotype is intrinsic to the channel complex itself.
Because single channel P0 is dramatically increased for Lid-
die's-type Na channels and because the C-terminal region of
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Fig. 2. Amiloride-sensitive Na channels immunopurified from Epstein Barr Virus-transformed human lymphocytes from normal (control) or Liddle's
disease affected patients, and incoiporated into planar lipid bilayers. The membrane bathing solutions were symmetrical 100 m NaC1, 10 mat MOPS, pH
7.4. The membrane was held at 40 mV (trans or external side ground). Current records were filtered at 100 Hz. The catalytic subunit of protein kinase
A and ATP were added to the cis (or cytoplasmic) bathing solution (final concentration of 1.85 nglml and 100 j.M, respectively). From [331 and used
I,..
/3-ENaC is absent in all the identified mutations [29], we hypoth-
esized that the C-terminal region of the /3-ENaC subunit may act
as an inactivation particle involved in the normal gating properties
of the channel, by analogy to other ion channels. We demon-
strated that the gating of normal lymphocyte Na channels as well
as a, /3, y-rENaC in bilayers could be removed by trypsinization of
the cytoplasmic surface, and that the constituitively active Liddle's
Na channels incorporated into bilayers or in whole-cell patch
clamp experiments of fresh lymphocytes could be blocked with a
10-or-30 mer /3- or y-ENaC carboxy-terminal peptide in a GTP-
dependent manner [33, 34]. These results indicate that the
carboxy-terminal end of the /3-ENaC subunit, and possibly that of
the y-ENaC subunit, is directly involved in the normal gating
properties of the Na channel.
Summary
The most unique physiological feature of amiloride-sensitive
channels is the wide variety of regulatory signals to which they
respond, reflecting the channel's function as the rate limiting
barrier for control of Na reabsorption in many epithelia. Chan-
nel activity is modulated by the hormones vasopressin, aldoste-
rone, insulin, and atrial natriuretic factor. These hormonal effects
have been shown, at least in some cases, to be not only additive
but synergistic, suggesting multiple regulatory sites and multiple
targets for functional regulation. In addition, channel activity is
altered by other factors including stretch, tonicity, and changes in
extracellular and intracellular [Na], [Ca2], and pH. Proposed
intracellular mediators include protein kinase A, protein kinase C,
tyrosine kinase, G-protein, leukotrienes, cytoskeletal interactions,
and carboxylmethylation reactions. Although the molecular
events mediating hormonal regulation of channel activity have not
been completely elucidated, significant progress has been made
through the combination of biochemical and molecular biological
studies with direct electrophysiological assessment of channel
function. With the cloning of the first amiloride-sensitive Na
channel, new insights into the nature of these channels, the way
they are modified post-translationally, and how alterations in
various regulatory pathways affect channel function have and will
continue to provide a new comprehension the pathophysiology of
specific diseases such as genetic hypertension.
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